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Biomarkers of acute kidney injury (AKI) may be classified in 2 groups: (1) those representing changes in renal function (e.g.,
serum creatinine or cystatin C and urine flow rate) and (2) those reflecting kidney damage (e.g., kidney injury molecule-1
(KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18, etc.). According to these 2 fundamental criteria, 4
subgroups have been proposed: (1) no marker change; (2) damage alone; (3) functional change alone; and (4) combined damage
and functional change. Therefore, a new category of patients with “subclinical AKI” (that is, an increase in damage markers alone
without simultaneous loss of kidney function) has been identified. This condition has been associated with higher risk of adverse
outcomes (including renal replacement therapy and mortality) at followup. The ability to measure these physiological variables may
lead to identification of patients at risk for AKI and early diagnosis of AKI and may lead to variables, which may inform therapeutic

decisions.

Contrast-induced acute kidney injury (CI-AKI) is associated
with a prolonged in-hospital stay and represents an indepen-
dent predictor of unfavorable outcome [1]. Therefore, it has
been recommended to monitor renal function in all patients
at risk with serial measurements of serum creatinine (sCr)
following contrast media (CM) exposure [1, 2]. A rise in sCr
or a reduction in urine output is the current golden standard
for recognizing AKI [3]. However, the delayed increase in
sCr is a potential reason for overlooking CI-AKI [4, 5] and,
on the contrary, for prolonging hospital stay in the vast
majority of patients who will not develop CI-AKI. In the last
years, several studies investigated the significance and clinical
utility of new biomarkers of kidney damage (Table 1). It has
been proposed to classify biomarkers in 2 groups, namely,
(a) those representing changes in renal function (e.g., serum
creatinine or cystatin C and urine flow rate) and (b) those
reflecting kidney damage, (e.g., kidney injury molecule-1
(KIM-1), neutrophil gelatinase-associated lipocalin (NGAL),
interleukin-18, etc.). The conceptual framework of physiolog-
ical biomarkers is superimposed upon the conventional clin-
ical phases of acute kidney injury. A combination of kidney

functional and damage markers simultaneously provides an
easy method to stratify patients with AKI. According to these
2 fundamental criteria, 4 subgroups have been proposed:
(1) no marker change; (2) damage alone; (3) functional
change alone; and (4) combined damage and functional
change [6] (Figure 1). Therefore, a new category of patients
with “subclinical AKI” (i.e., an increase in damage markers
alone without simultaneous loss of kidney function) has
been identified. This condition has been associated with
higher risk of adverse outcomes (including renal replacement
therapy and mortality) at followup [7-9]. Thus, physiolog-
ical biomarkers are not only needed in the early phase of
AKI but also needed throughout the continuum of AKI.
The ability to measure these physiological variables may
lead to identification of patients at risk for AKI and early
diagnosis of AKI and may guide therapeutic decisions. These
physiological processes represent an integrative environment
for the interaction of inflammatory mediators, imbalance in
the homeostasis of oxygen, nitric oxide and oxygen radicals
causing microcirculatory dysfunction, and impaired tissue
oxygenation leading to AKI.
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TaBLE 1: AKI biomarkers categories.

Inflammatory biomarkers:

(i) neutrophil gelatinase-associated lipocalin (NGAL)
(ii) interleukin-18 (IL-18)

Tubular proteins:

(i) kidney injury molecule-1 (KIM-1)

(ii) Na+/H+ exchanger isoform 3 (NHE3)

Surrogate markers of tubular injury:

(i) urinary low molecular weight proteins escaping reabsorption
on tubular injury (cystatin C, 32 or «1 microglobulin, and retinol
binding protein)

(i) urinary tubular enzymes released on tubular injury (NAG
[N-acetyl-3-D-glucosaminidase], alkaline phosphatase [AP], yGT
[gamma-glutamyl-transferase], etc.)

Serum Creatinine as a Marker of CI-AKI. Although in 80% of
CI-AKI cases sCr starts rising within the first 24 h following
CM exposure [10], the sCr typically peaks 2-5 days after CM
and returns to baseline or near baseline within 1-3 weeks [1].
Therefore, in all patients at risk, a follow-up sCr should be
obtained at 48-72 h following CM exposure [1, 2, 4, 11]. This
implies an intrinsic delay of treatment of patients who will
develop CI-AKI and, on the contrary, a prolonged hospital
stay of patients who will not develop CI-AKI. sCr increase
indicates a functional change (deterioration) not a damage
(injury) of the kidney. Therefore, sCr will increase only in
case of loss of function. Also creatinine suffers from two
significant limitations [4]. First, creatinine excreted in the
urine is not solely a result of glomerular filtration but also a
result of renal tubular secretion [12]. This means that changes
in sCr will underestimate the true fall in glomerular filtration
rate (GFR). Second, following an acute fall in GFR, less
creatinine is excreted. The retained creatinine is distributed
in total body water. Thus, the serum level can be expected to
rise slowly and will continue to rise until a new steady state
has occurred. Therefore, although the injury induced by CM
impairs GFR almost immediately, it requires 24-48 h for the
fall in GFR to be reflected in an elevated level of sCr.

Serum Cystatin C as a Marker of CI-AKI. Cystatin C (CyC) isa
120-amino-acid, nonglycosylated protein that is a member of
the family of cysteine proteinase inhibitors [13]. It is produced
at a constant rate by all nucleated cells representing in the
true sense of the word a “housekeeping gene product” [14].
CyC concentration is independent of age, sex, changes of
muscle mass, and nutrition. CyC levels are lower in the
hypothyroid and higher in hyperthyroid state as compared
with the euthyroid state [14]. It is found in relatively high
concentrations in many body fluids, and its low molecular
weight (13.3kDa) and positive charge at physiologic pH
levels facilitate its glomerular filtration. It is later reabsorbed
and almost completely catabolized in the proximal renal
tubule [13]. Because of its constant rate of production, its
serum concentration is therefore determined by glomerular
filtration. Indeed, CyC does not undergo tubular secretion
and appears in the urine solely through filtration [15, 16]. For
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FIGURE 1: Phases of acute kidney injury. This figure illustrates
progression from kidney damage (or injury) occurring after con-
trast media exposure to clinical changes in kidney function. The
subclinical AKI occurs in few hours following contrast media
exposure. This phase may be captured only by biomarkers of kidney
damage (like neutrophil gelatinase-associated lipocalin (NGAL))
but not those of kidney function (like serum creatinine (sCr)
or cystatin C (sCyC)). Kidney damage, in the majority of cases,
remains subclinical (subclinical AKI). However, subclinical AKI may
progress in the clinical phase, as defined by a deterioration of kidney
function, detectable by the eventual (within 48 hours) increase in
sCyC and/or sCr.

Time (hours)

these reasons, CyC has the potential to be a useful marker in
detecting both chronic and acute changes in GFR [17-19]. The
shorter (1.5 hours) half-life of CyC compared to creatinine
accounts for the more rapid rise and the earlier attainment of
a new steady state [20]. CyC is distributed in the extracellular
volume [21], whereas sCr is distributed in the total body water
[22], a volume which is 3 times larger. Therefore, the half-life
of creatinine compared to CyC will be 3 times longer and the
time to achieve a new steady state will increase proportionally
implying that sCr will rise more slowly. It has been reported
that (1) a CyC increase <10% at 24 hours is a reliable marker
for ruling out CI-AKI and (2) a CyC increase >10% at 24
hours is an independent predictor of 1-year major adverse
events (MAE), including death and dialysis [23]. The first
observation may allow physicians an earlier discharge of the
majority (>80%) of patients, thus avoiding an unnecessary
prolonged hospitalization with associated practical and eco-
nomic advantages [24]. The second observation identifies a
subgroup of patients at higher risk for future MAE [25-27].
This observation may be explained by two reasons. First, CyC
seems to be a better measure of kidney function than sCr
and GEFR [16, 24, 28]. Second, CyC may provide prognostic
information beyond its role as an index of kidney function
and, also, may be a better overall measure of the spectrum
of pathophysiologic abnormalities that accompany kidney
disease [29-31].
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TABLE 2: Ideal marker of contrast-induced acute kidney injury.

Easy to measure

Does not require administration of an exogenous substance
Sensitive to change

Rapid change following injury

Preferably specific to contrast injury

A valid surrogate for clinically important outcomes (e.g.,
likelihood of needing dialysis, death, etc.)

Biomarkers of Kidney Damage. Several studies have reported
the ability of new biomarkers in both the earlier diagnosis of
AKT and the robust prognostic significance [6, 7].

At present, utilization of the new biomarkers of kid-
ney damage has been limited by several reasons: (a) the
identification of the best biomarkers for each purpose (risk
assessment, diagnosis, differential diagnosis, and prognosis),
(b) uncertainty on the threshold (that may be different in each
setting), (c) limited clinical evidence, and (d) costs [6, 32].
The characteristics of the ideal biomarker of CI-AKI are
summarized in Table 2.

Limited evidence exists on KIM-1. This is a transmem-
brane protein not expressed in normal kidney but upregu-
lated in dedifferentiated proximal tubule cells after ischemic
or nephrotoxic AKI [33, 34]. KIM-1 was elevated to a much
higher degree in patients with ischemic acute tubular necrosis
than in patients with CI-AKI. Increased urinary levels have
been reported in experimental models and in patients with
CI-AKI [35]. The biomarker most investigated in the setting
of CI-AKI is NGAL. NGAL, a ubiquitous 25 KDa protein,
covalently bound to gelatinase from human neutrophils, is
a marker of tubular injury [36-38]. Serum NGAL (sNGAL)
and/or urine NGAL (uNGAL) levels have been shown to
predict AKI in different clinical settings [39-42], including
CI-AKI [43-45]. Overall, NGAL was found to be a potentially
useful tool for both the early (within few hours) diagnosis and
prognosis (prediction of renal replacement therapy initiation
and in-hospital mortality) of AKI [46, 47]. A typical example
of the kinetic of SNGAL (markers of kidney damage), sCr,
and sCyC (markers of functional change) is represented in
Figure 2. The performance of NGAL (as for other kidney
damage biomarkers) might depend on the different clinical
setting. At present, limited evidence exists on (a) the optimal
dosing site (urine versus blood) and time, (b) the cutoff value
(or threshold), and (c) the clinical and prognostic significance
of this kidney injury biomarker in the setting of CI-AKI.
Recent systematic review and meta-analysis support that the
diagnostic accuracy of plasma/serum NGAL (sNGAL) is sim-
ilar to that of urine NGAL (uUNGAL) [46]. uNGAL originates
predominantly from kidney epithelia [48]. Thus, uNGAL
expression appears specifically in distal tubular segments of
injured nephrons, and it is not expressed in nonischemic
zone [38, 48]. SNGAL might predominantly arise from the
injured thick ascending tubules and the collecting ducts via
back-leak form injured renal tissue, again reflecting renal
damage [47, 48]. Also sNGAL may reveal the effect of
toxins that injure multiple organs, besides kidney [48]. The
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FIGURE 2: Kinetics of biomarkers during contrast-induced AKI.
An example of CI-AKI is represented. Serum creatinine (sCr) (the
“golden standard” of kidney function) typically raises at 48-72 hours
after contrast media exposure. Serum cystatin C (sCyC) (a more
sensitive marker of kidney function) raises within 24 hours after
contrast media exposure. Serum neutrophil gelatinase-associated
lipocalin (NGAL) (a marker of kidney damage) starts to raise at 6
hours after contrast media exposure.

concentration of urinary biomarkers of AKI is influenced
by variation in urinary concentration within and between
individuals. Normalizing to urine creatinine is usually used
to account for variations in water reabsorption [49]. However,
we did not observe any significant advantages when analyzing
normalized uNGAL instead of the absolute uNGAL. This
result is in agreement with the recent observation that for all
injury biomarkers, absolute concentration performed best in
the diagnosis of AKI [50].

It has been reported that NGAL increase (as index of
kidney damage) is an independent predictor of unfavorable
outcome, irrespective of the presence or not of functional
damage [7]. It has been suggested that the real gold standard
for the AKI biomarkers is whether they can be used to define
and risk-stratify AKI and related complications, facilitating
early diagnosis and interventions to improve clinical out-
comes [47, 51]. Several studies suggest an analogy between
the troponin/creatine kinase and the NGAL/creatinine rela-
tionship with a novel, more sensitive biomarker identifying
previously undetected organ injury. Acute tubular damage
might occur without detectable loss of excretory function
and might predict worse clinical outcome. Therefore, NGAL
and sCr reflect distinct pathophysiological events. Haase et
al. recently demonstrated that, without diagnostic increase in
sCr, NGAL positive patients might have likely subclinical AKI
and carry a worse prognosis than NGAL negative patients
[47]. Of note, the subset of patients with positive NGAL
(NGAL+) had a similar adverse outcome to that observed
in patients with positive creatinine (sCr+). NGAL+/sCr
negative condition identified approximately 40% more AKI
cases than sCr+ alone [7]. uNGAL was highly predictive
of clinical outcomes, including nephrology consultation,
renal replacement therapy, and admission to the intensive



care unit [52]. Detection of elevated SNGAL might enable
more rapid conventional interventions or introduction of

novel therapies to prevent or effectively treat such otherwise
undetected AKI [53].

Conclusions. The new biomarkers of CI-AKI have an impor-
tant role in the early diagnosis of contrast-induced kid-
ney damage. In the setting, NGAL seems to be the ideal
biomarker. At present, open issues are (1) the optimal dosing
site (urine versus blood) and time, (2) the cutoff value (or
threshold), and (3) the clinical and prognostic significance
of this kidney injury biomarker in the setting of CI-AKI.
Further studies are warranted for clarifying these issues and,
therefore, justify the adoption of the new biomarker (NGAL)
in the routine clinical practice.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

(1] P. A. McCullough, “Contrast-induced acute kidney injury,
Journal of the American College of Cardiology, vol. 51, no. 15, pp.
1419-1428, 2008.

[2] R. Solomon and G. Deray, “How to prevent contrast-induced
nephropathy and manage risk patients: practical recommenda-
tions,” Kidney international. Supplement, no. 100, pp. S51-S53,
2006.

[3] R.L. Mehta, J. A. Kellum, S. V. Shah et al., “Acute Kidney Injury
Network: report of an initiative to improve outcomes in acute
kidney injury;” Critical Care, vol. 11, no. 2, article R31, 2007.

[4] R.Solomon and B. Barrett, “Follow-up of patients with contrast-
induced nephropathy;” Kidney International, vol. 69, no. 100, pp.
$46-S50, 2006.

[5] C. S. Rihal, S. C. Textor, D. E. Grill et al., “Incidence and
prognostic importance of acute renal failure after percutaneous
coronary intervention,” Circulation, vol. 105, no. 19, pp. 2259-
2264, 2002.

[6] P. A. McCullough, A. D. Shaw, M. Haase et al., “Diagnosis of
acute kidney injury using functional and injury biomarkers:
workgroup statements from the tenth acute dialysis quality
initiative consensus conference,” Contributions to Nephrology,
vol. 182, pp. 13-29, 2013.

[7] M. Haase, P. Devarajan, A. Haase-Fielitz et al., “The outcome of
neutrophil gelatinase-associated lipocalin-positive subclinical
acute kidney injury: a multicenter pooled analysis of prospec-
tive studies;” Journal of the American College of Cardiology, vol.
57, no. 17, pp. 1752-1761, 2011.

[8] M. Bennett, C. L. Dent, Q. Ma et al., “Urine NGAL pre-
dicts severity of acute kidney injury after cardiac surgery: A
Prospective Study;” Clinical Journal of the American Society of
Nephrology, vol. 3, no. 3, pp. 665-673, 2008.

[9] N.I. Shapiro, S. Trzeciak, J. E. Hollander et al., “The diagnostic

accuracy of plasma neutrophil gelatinase-associated lipocalin in

the prediction of acute kidney injury in emergency Department

Patients with Suspected Sepsis,” Annals of Emergency Medicine,

vol. 56, no. 1, pp. 52.e1-59.el, 2010.

N. V. Guitterez, A. Diaz, G. C. Timmis et al., “Determinants

of serum creatinine trajectory in acute contrast nephropathy;’

(10]

(11]

(12]

=
)

(16]

(20]

(21]

[22]

(23]

(25]

BioMed Research International

Journal of Interventional Cardiology, vol. 15, no. 5, pp. 349-354,
2002.

K. J. Harjai, A. Raizada, C. Shenoy et al., “A comparison of
contemporary definitions of contrast nephropathy in patients
undergoing percutaneous coronary intervention and a proposal
for a novel nephropathy grading system,” American Journal of
Cardiology, vol. 101, no. 6, pp. 812-819, 2008.

M. Hatano, “Clinical study of tubular creatinine secretion in
renal dysfunction,” Japanese Journal of Nephrology, vol. 33, no.
11, pp. 1097-1104, 1991.

A. Grubb and H. Lofberg, “Human y-trace, a basic micropro-
tein: amino acid sequence and presence in the adenohypoph-
ysis,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 79, no. 9, pp. 3024-3027, 1982.

A. Grubb, “Non-invasive estimation of glomerular filtration rate
(GFR). The lund model: simultaneous use of cystatin C- and
creatinine-based GFR-prediction equations, clinical data and
an internal quality check,” Scandinavian Journal of Clinical and
Laboratory Investigation, vol. 70, no. 2, pp. 65-70, 2010.

J. Kyhse-Andersen, C. Schmidt, G. Nordin et al., “Serum
cystatin C, determined by a rapid, automated particle-enhanced
turbidimetric method, is a better marker than serum creatinine
for glomerular filtration rate,” Clinical Chemistry, vol. 40, no. 10,
pp. 1921-1926, 1994.

D.J. Newman, H. Thakkar, R. G. Edwards et al., “Serum cystatin
C measured by automated immunoassay: a more sensitive
marker of changes in GFR than serum creatinine,” Kidney
International, vol. 47, no. 1, pp. 312-318, 1995.

S. K. Swan, “The search continues—an ideal marker of GFR,
Clinical Chemistry, vol. 43, no. 6, pp. 913-914, 1997.

S. Herget-Rosenthal, G. Marggraf, ]. Hising et al, “Early
detection of acute renal failure by serum cystatin C,” Kidney
International, vol. 66, no. 3, pp. 1115-1122, 2004.

P. Villa, M. Jiménez, M.-C. Soriano, J. Manzanares, and P.
Casasnovas, “Serum cystatin C concentration as a marker of
acute renal dysfunction in critically ill patients,” Critical Care,
vol. 9, no. 2, pp. R139-R143, 2005.

P. Sjostrom, M. Tidman, and I. Jones, “The shorter T1/2
of cystatin C explains the earlier change of its serum level
compared to serum creatinine,” Clinical Nephrology, vol. 62, no.
3, pp. 241-242, 2004.

O. Tenstad, A. B. Roald, A. Grubb, and K. Aukland, “Renal
handling of radiolabelled human cystatin C in the rat,” Scandi-
navian Journal of Clinical and Laboratory Investigation, vol. 56,
no. 5, pp. 409-414, 1996.

P. R. Schloerb, “Total body water distribution of creatinine and
urea in nephrectomized dogs,” American Journal of Physiology,
vol. 199, pp. 661-665, 1960.

C. Briguori, G. Visconti, N. V. Rivera et al., “Cystatin C and
contrast-induced acute kidney injury;” Circulation, vol. 121, no.
19, pp. 2117-2122, 2010.

A. Christensson, J. Ekberg, A. Grubb, H. Ekberg, V. Lindstrém,
and H. Lilja, “Serum cystatin ¢ is a more sensitive and more
accurate marker of glomerular filtration rate than enzymatic
measurements of creatinine in renal transplantation,” Nephron,
vol. 94, no. 2, pp. p19-p27, 2003.

R. J. Solomon, R. Mehran, M. K. Natarajan et al., “Contrast-
induced nephropathy and long-term adverse events: cause and
effect?” Clinical Journal of the American Society of Nephrology,
vol. 4, no. 7, pp. 1162-1169, 2009.



BioMed Research International

(26]

(27]

(29]

[30]

(31]

(34]

(36]

(37]

(38]

(39]

T. Jernberg, B. Lindahl, S. James, A. Larsson, L.-O. Hansson,
and L. Wallentin, “Cystatin C: a novel predictor of outcome
in suspected or confirmed non-ST-elevation acute coronary
syndrome,” Circulation, vol. 110, no. 16, pp. 2342-2348, 2004.

J. Lassus, V.-P. Harjola, R. Sund et al., “Prognostic value of
cystatin C in acute heart failure in relation to other markers of
renal function and NT-proBNP, European Heart Journal, vol.
28, no. 15, pp. 1841-1847, 2007.

V.R. Dharnidharka, C. Kwon, and G. Stevens, “Serum cystatin C
is superior to serum creatinine as a marker of kidney function:
a meta-analysis,” American Journal of Kidney Diseases, vol. 40,
no. 2, pp. 221-226, 2002.

J. H. Ix, M. G. Shlipak, G. M. Chertow, S. Ali, N. B. Schiller,
and M. A. Whooley, “Cystatin C, left ventricular hypertrophy,
and diastolic dysfunction: data from the Heart and Soul Study;’
Journal of Cardiac Failure, vol. 12, no. 8, pp. 601-607, 2006.

P. C. Patel, C. R. Ayers, S. A. Murphy et al., “Association of
cystatin C with left ventricular structure and function: The
Dallas Heart Study,” Circulation: Heart Failure, vol. 2, no. 2, pp.
98-104, 2009.

E. L. Knight, J. C. Verhave, D. Spiegelman et al., “Factors influ-
encing serum cystatin C levels other than renal function and the
impact on renal function measurement,” Kidney International,
vol. 65, no. 4, pp. 1416-1421, 2004.

P. A. McCullough, J. Bouchard, S. S. Waikar et al., “Imple-
mentation of novel biomarkers in the diagnosis, prognosis, and
management of acute kidney injury: executive summary from
the tenth consensus conference of the acute dialysis quality
initiative (ADQI),” Contributions to Nephrology, vol. 182, pp. 5-
12, 2013.

T. Ichimura, J. V. Bonventre, V. Bailly et al., “Kidney injury
molecule-1(KIM-1), a putative epithelial cell adhesion molecule
containing a novel immunoglobulin domain, is up-regulated in
renal cells after injury;” Journal of Biological Chemistry, vol. 273,
no. 7, pp. 4135-4142, 1998.

R. Hirschberg, J. Kopple, P. Lipsett et al., “Multicenter clinical
trial of recombinant human insulin-like growth factor I in
patients with acute renal failure,” Kidney International, vol. 55,
no. 6, pp. 2423-2432, 1999.

W. K. Han, V. Bailly, R. Abichandani, R. Thadhani, and J.
V. Bonventre, “Kidney Injury Molecule-1 (KIM-1): a novel
biomarker for human renal proximal tubule injury; Kidney
International, vol. 62, no. 1, pp. 237-244, 2002.

J. B. Cowland and N. Borregaard, “Molecular characterization
and pattern of tissue expression of the gene for neutrophil
gelatinase-associated lipocalin from humans,” Genomics, vol.
45, no. 1, pp. 17-23, 1997.

J. Mishra, M. A. Qing, A. Prada et al., “Identification of neu-
trophil gelatinase-associated lipocalin as a novel early urinary
biomarker for ischemic renal injury;” Journal of the American
Society of Nephrology, vol. 14, no. 10, pp. 2534-2543, 2003.

R. Sohotnik, O. Nativ, A. Abbasi et al., “Phosphodiesterase-5
inhibition attenuates early renal ischemia-reperfusion-induced
acute kidney injury: assessment by quantitative measurement
of urinary NGAL and KIM-1,” American Journal of Physiology—
Renal Physiology, vol. 304, no. 8, pp. 1099-1104, 2013.

J. Mishra, C. Dent, R. Tarabishi et al., “Neutrophil gelatinase-
associated lipocalin (NGAL) as a biomarker for acute renal
injury after cardiac surgery,” Lancet, vol. 365, no. 9466, pp. 1231-
1238, 2005.

D. S. Wheeler, P. Devarajan, Q. Ma et al., “Serum neutrophil
gelatinase-associated lipocalin (NGAL) as a marker of acute

[41]

(42]

[43]

(47]

kidney injury in critically ill children with septic shock,” Critical
Care Medicine, vol. 36, no. 4, pp. 1297-1303, 2008.

M. Zappitelli, K. K. Washburn, A. A. Arikan et al, “Urine
neutrophil gelatinase-associated lipocalin is an early marker
of acute kidney injury in critically ill children: A Prospective
Cohort Study;” Critical Care, vol. 11, article R84, 2007.

G. Wagener, G. Gubitosa, S. Wang, N. Borregaard, M. Kim, and
H. T. Lee, “Urinary neutrophil gelatinase-associated lipocalin
and acute kidney injury after cardiac surgery;,” American Journal
of Kidney Diseases, vol. 52, no. 3, pp. 425-433, 2008.

H. Bachorzewska-Gajewska, J. Malyszko, E. Sitniewska, J. S.
Malyszko, and S. Dobrzycki, “Neutrophil-gelatinase-associated
lipocalin and renal function after percutaneous coronary inter-
ventions,” American Journal of Nephrology, vol. 26, no. 3, pp.
287-292, 2006.

R. Hirsch, C. Dent, H. Pfriem et al., “NGAL is an early predic-
tive biomarker of contrast-induced nephropathy in children,”
Pediatric Nephrology, vol. 22, no. 12, pp. 2089-2095, 2007.

A. Tasanarong, A. Vohakiat, P. Hutayanon, and D. Piyayotai,
“New strategy of a-and y-tocopherol to prevent contrast-
induced acute kidney injury in chronic kidney disease patients
undergoing elective coronary procedures,” Nephrology Dialysis
Transplantation, vol. 28, no. 2, pp. 337-344, 2013.

M. Haase, R. Bellomo, P. Devarajan, P. Schlattmann, and A.
Haase-Fielitz, “Accuracy of Neutrophil Gelatinase-Associated
Lipocalin (NGAL) in diagnosis and prognosis in acute kidney
injury: a systematic review and meta-analysis,” American Jour-
nal of Kidney Diseases, vol. 54, no. 6, pp. 1012-1024, 2009.

M. Haase, P. Devarajan, A. Haase-Fielitz et al., “The outcome of
neutrophil gelatinase-associated lipocalin-positive subclinical
acute kidney injury: a multicenter pooled analysis of prospec-
tive studies,” Journal of the American College of Cardiology, vol.
57, no. 17, pp. 1752-1761, 2011.

N. Paragas, A. Qiu, Q. Zhang et al., “The Ngal reporter mouse
detects the response of the kidney to injury in real time,” Nature
Medicine, vol. 17, no. 2, pp. 216-223, 2011.

S. S. Waikar, V. S. Sabbisetti, and J. V. Bonventre, “Normalization
of urinary biomarkers to creatinine during changes in glomeru-
lar filtration rate,” Kidney International, vol. 78, no. 5, pp. 486—
494, 2010.

A. M. Ralib, J. W. Pickering, G. M. Shaw et al., “Test charac-
teristics of urinary biomarkers depend on quantitation method
in acute kidney injury,’ Journal of the American Society of
Nephrology, vol. 23, no. 2, pp. 322-333, 2012.

P. T. Murray, P. Devarajan, A. S. Levey et al., “A framework
and key research questions in AKI diagnosis and staging in
different environments,” Clinical Journal of the American Society
of Nephrology, vol. 3, no. 3, pp. 864-868, 2008.

T. L. Nickolas, M. J. O'Rourke, J. Yang et al., “Sensitivity and
specificity of a single emergency department measurement of
urinary neutrophil gelatinase-associated lipocalin for diagnos-
ing acute kidney injury;’ Annals of Internal Medicine, vol. 148,
no. 11, pp. 810-819, 2008.

C. Ronco, M. Haapio, A. A. House, N. Anavekar, and R.
Bellomo, “Cardiorenal syndrome,” Journal of the American
College of Cardiology, vol. 52, no. 19, pp. 1527-1539, 2008.



